Abstract
Introduction
The complexation behavior of actinides by α-hydroxy carboxylate ligands such as gluconic acid has recently been a renewed subject of study due to the need to process high-level radioactive wastes (HLW) currently stored in million gallon tanks at the Hanford site (Richland, WA). Gluconate was added in large quantities to the nuclear materials processed at Hanford to facilitate dissolution of iron and aluminum [1] [2] [3] [4] [5] [6] [7] [8] [9] , and consequently, it directly affects f-element speciation in HLW. [10] [11] [12] [13] This complicates waste processing for vitrification. Despite its use in industrial-scale nuclear materials processing, molecular-level information on the interactions of gluconate and actinide cations has not yet been reported. This lack of data makes it difficult to predict its impact on the behavior of actinides in subsequent waste treatment processes.
In this work, gluconic acid refers to D-gluconic acid derived from natural D-glucose.
To be consistent with the notations in the literature, gluconic acid is, as shown in Scheme I, denoted by HGH 4 , where the first H refers to the carboxylic acid hydrogen and H 4 refers to the four hydrogens on the secondary alcohols. Hexavalent uranium as the UO 2 2+ ion was studied due to its presence in the HLW tanks at Hanford. Under oxidizing conditions, this is the expected U oxidation state, and study of uranyl can serve as a chemical model for other hexavalent actinides, such as plutonium. We focused our studies on the low pC H range to avoid the complication of uranyl hydrolysis. However, these conditions present another technical challenge: under acidic conditions, gluconic acid undergoes the coupled reactions of lactonization and protonation. Fortunately, these coupled reactions are well described by our earlier work. 14 In that study, we systematically investigated the solution speciation of gluconic acid over the pC H range from 1.0 to 13.0. In acidic solutions, gluconic acid undergoes lactonization after deprotonation of the carboxylate group to form γ-and δ-lactones.
14,15
Gluconic acid lactonization and its reverse reaction, lactone hydrolysis, have been found to proceed more slowly than protonation/deprotonation. Consequently, we determined the deprotonation constant of gluconic acid by measuring 13 C chemical shifts as a function of pC H , 14 evaluated the equilibrium constant of lactonization by "batch" potentiometric titrations, 14 and measured the thermodynamic properties of protonation by fast potentiometric titrations and calorimetry at relatively high pC H (> 2.5). 16 Uranyl complexation by gluconate was investigated by Sawyer et al. in the 1960's. 11 Using light absorption and polarographic measurements, they evaluated the stoichiometry and the formation constants of uranyl gluconate complexes in the pC H range of 4.0 to 12.0. However, due to the unavailability of advanced techniques to characterize the coordination modes at the time, they were not able to directly observe the structures of the complexes. Also, based on experimental observation of slow absorbance changes for uranyl/gluconate solutions over a period of weeks, they believed that complexation was unusually slow. However, they did not consider the possibility of reaction or degradation of the ligand and its complexes through lactonization of other means. Since their work four decades ago, little study of uranium complexation by gluconate has appeared in the literature, except for the work of Warwick et al. for gluconate complexation of tetravalent U. 13 Therefore, the primary objectives of this study are: (1) to obtain reliable thermodynamic data for the complexation of gluconate with uranyl at I = 1.0 M and t = 25 °C, and (2) to obtain structural information on the resulting uranyl gluconate complexes. Thermodynamic parameters were determined by potentiometry and calorimetry. NMR and EXAFS were used, in conjunction with the thermodynamic data, to establish the coordination details in the complexes.
Experimental Section
All chemicals were reagent grade or higher. Distilled and deionized water (18 MΩ, Milli-Q water system) was used in preparations of all the solutions except those for NMR experiments. In all experiments, precautions were taken to avoid the exposure of uranyl/gluconate samples to laboratory light unless specifically mentioned by wrapping vials in Al foil. The stock solution of uranyl perchlorate was prepared by dissolving uranium trioxide (UO 3 ) in perchloric acid (Sigma-Aldrich, Inc.). The concentration of uranium in the stock solution was determined by absorption spectrophotometry and fluorimetry. 17 Gran's potentiometric method 18 was used to determine the concentration of perchloric acid in the stock solutions. Volumetric standard sodium hydroxide solutions (Brinkmann Instruments, Inc., or Sigma-Aldrich, Inc.) were verified to be carbonate-free prior to use. The ionic strength of all the solutions used in potentiometry 
Potentiometry.
The stability constants of gluconate complexation with uranyl were determined by potentiometric titrations at t = 25 °C. A specifically-designed thermostatic cup was used to control the temperature. Details of the titration setup have been provided elsewhere. 19, 20 Electromotive force (EMF, in millivolts) was measured with a Metrohm pH meter (model 713) equipped with a Ross combination pH electrode (Orion model 8102).
Because potassium perchlorate is much less soluble than sodium perchlorate, precipitation of the former could result in the clogging of the electrode frit glass septum.
As a result, the original electrode filling solution (3.0 M potassium chloride) was replaced with 1.0 M sodium chloride. The electrode potential (in mV) in the acidic region can be expressed by equation 1, where R is the gas constant, F is the Faraday constant, and T is the temperature in Kelvin. The term of λ H [H + ] is an electrode junction potential for hydrogen. Prior to each complexation titration, an acid/base titration with standard perchloric acid and sodium hydroxide solutions was performed to obtain E° and λ H . These parameters allowed the calculation of hydrogen ion concentrations from the electrode potential in the subsequent titration.
Multiple titrations were conducted with initial solutions of different UO 2 (ClO 4 ) 2 and HClO 4 concentrations. The complexation constants of uranyl/gluconate on the molarity scale were calculated with the program Hyperquad. 21 The protonation constant of gluconic acid (Log K a = 3.3 ± 0.1), determined previously, 16 was used in these calculations. Reported uncertainties represent the composite uncertainties associated with the errors from calibration, potentiostat measurements, and those introduced by the calculations (e.g., Hyperquad). conjunction with an MLEV-17c windowed mixing sequence, which used a spin locking field of 9.6 KHz. A Z-filter was used at the end of the sequence in conjunction with a 1 ms 20 G/cm purging pulsed field gradient. The large HOD peak was suppressed with a 200 ms presaturation pulse (γB 1 field = 75 Hz) following the 1s relaxation delay. The data were processed with cosine weighting functions in both dimensions and the t 1 dimension was extended from 128 real points to 256 real points with linear prediction followed by zero filling and Fourier transformation to give a 2Kx2K real matrix.
Calorimetry.
The phase sensitive, gradient selected HMQC spectrum was collected using the standard Varian pulse sequence with the following parameters. The spectral width was 2,780 Hz in F2 and 5,656 Hz in F1. The data were collected using the echo-antiecho pulsed field gradient coherence selection with 128x2 t 1 increments collected with 128 scans accumulated for each increment. The relaxation delay was 1s and no BIRD or TANGO scheme was used to suppress protons bound to 12 C. All delays within the pulse sequence were kept short to minimize T 2 relaxation losses. Acquisition times were 170 ms in t 2 and 22 ms in t 1 and 13 C decoupling was achieved during the acquisition with GARP decoupling. The data were processed with cosine functions in both dimensions and the t 1 data were extended from 128 real points to 256 real points using linear prediction prior to Fourier transformation. The final data matrix was 2Kx2K real points.
The Consequently, the pC D was calculated using pC D = pC H + 0.4. Uranium L III -edge EXAFS data were collected at the Stanford Synchrotron Radiation Laboratory (SSRL) on the beamline 11-2 under normal ring operating conditions (3.0
GeV, 50 -100 mA) using UO 2 foil as the reference material. Energy scans of the polychromatic X-ray beam were accomplished by using a Si(220) double-crystal monochromator. The vertical slit width was 0.5 mm, which reduced the effects of beam instabilities and monochromator glitches, while providing ample photon flux. The data were collected in transmission mode using argon-filled ionization chambers. To minimize sample exposure to light, only one scan was performed for each sample.
The EXAFS data reduction was performed by standard methods reviewed elsewhere 29 using the suite of programs EXAFSPAK. The spectra were energycalibrated by simultaneously measuring the spectrum of the reference (UO 2 ) and assigning the first inflection point of the L III absorption edge of uranium to be 17,166 ev.
The data reduction included pre-edge background subtraction followed by spline fitting and normalization to extract EXAFS data above the threshold energy, E 0 , defined as 17185 ev. The curve fitting analyses were also conducted using EXAFSPAK to fit the raw k 3 -weighted EXAFS data.
The data fit utilized the theoretical phases and amplitudes calculated by the program The shift in threshold energy, ΔE 0 , was allowed to vary as a global parameter in each of the fits.
Results and Discussion

Thermodynamic properties by potentiometry and calorimetry.
The stability constants and enthalpies of gluconate complexation with uranyl (Table 1) were calculated from the titration data obtained by potentiometry and calorimetry, respectively. In the experimental pC H range (2.0-4.2), gluconic acid is susceptible to lactonization in addition to protonation and complexation. 14, 15 Protonation and complexation are rapid and equilibrium is achieved within seconds, whereas lactonization proceeds slowly.
14,15
The first-order rate constant of lactonization at 20 -22 o C was determined to be 3. In the fitting of the potentiometric and calorimetric data, it was necessary to include a deprotonated uranyl complex (UO 2 (GH 3 )(aq)) in the model to achieve a reasonably good fit. This is different from gluconate complexation with Np(V) (in neutral pC H region) 16 and Nd(III) (under acidic conditions), 32 where only the protonated M(GH 4 ) j complexes (j = 1-3) form. Various combinations of possible species were considered in the fitting, but the best fit was obtained by assuming occurrence of the following three complexation reactions: The calculated stability constants and enthalpies of those complexation reactions are listed in Table 1 .
Although these results suggest that three complexation reactions occur, the data fitting alone does not unequivocally reveal coordination modes. . 16, 32 For the relationship of the 1:1 stability constant between acetate and these cations (Fig. 3) , complexation through the carboxylate group is the same for all the complexes, and the stability constants increase as the charge of the cation increases, including hexavalent uranium. 34 The speciation at selected points in the titration was calculated using stability constants determined by potentiometry (see supporting materials, Figure S1 ). In the calculation, the D 2 O effect was considered for gluconate protonation and water dissociation constants, 43, 44 but it was ignored for the uranyl/gluconate complexation constants. Also, the lactonization equilibrium was not included since the NMR data were collected as rapidly as possible before lactonization became significant. Therefore, when referring to those average sharp NMR peaks shown in Figures S2 and   S3 , free gluconate, gluconate and gluconic acid are used synonymously, unless specifically mentioned.
13 C NMR data. Figure 4 shows the 13 C NMR spectra of solutions I, II, III and IV.
Peak assignments were made on a basis of earlier work. 8, 14, 43 The five carbon (except C1) peaks are assigned to C2, C4, C5, C3 and C6 carbons in order of increasing field strength. The spectra of the carboxylate carbon (C1) are not included since this peak is simply broadened into the baseline in the presence of U(VI). Such severe broadening of the carboxylate carbon peak indicates that the carboxylate group participates in the coordination to uranyl. From Figure 4 , it is found that the C2 peak was gradually broadened as the uranyl was titrated into the gluconate from solution II to IV.
Comparison with the 13 C spectra of free gluconate in Figure S2 suggests that this line broadening might be attributed to complexation and furthermore, strongly suggests that the α-hydroxyl group plays a role in the complexation. Also, a set of small δ-lactone carbon peaks (labeled as L) appeared in solution IV as expected, where the low pC D facilitates lactonization. More importantly, the sharp lactone peaks suggests that the lactone does not interact with uranyl. While theevaluation of the detailed coordination modes, they clearly indicate that the carboxylate and the α-hydroxyl group are involved in the bonding of uranyl and gluconate.
1 H and TOCSY NMR data. 1 H spectra of solutions I, II, III and IV are shown in Figure 5 , and a 1 H-1 H TOCSY spectrum of solution II is depicted in Figure 6 . The gluconate protons, to be consistent with the convention, are designated by α, β, γ, δ and ε as shown in the inset structure on the top-right corner of Figure 5 . In the absence of uranyl, these protons (unbound gluconate) yielded a set of intensive and sharp NMR peaks (Fig. 5 , Spectrum I), which were assigned to α, β, ε a , γ, δ and ε b proton in order of the increasing field strength. 8, 46 As the uranyl was added into the gluconate, the proton spectra (Fig. 5 , Spectra II-IV) became more complicated. New 1 H peaks were generated and their positions were located dramatically downfield. Also, the peaks α and β of the unbound set were broadened and shifted downfield a bit. To be distinguished from the unbound set, this set is hereinto labeled as set X (Fig. 5 , Spectra II-IV). The line broadening of the α and β peaks in set X may be caused by the exchange of bound and unbound gluconate, whereas their displacement may be attributed to the formation of uranyl gluconate complexes as well as the pH variation, which has been observed to affect the chemical shift of free gluconate (cf, Figure S3 ).
While we may confer the appearance of new 1 H peaks in the 1 H NMR spectra groups of gluconate were involved in the coordination for these structures, the peak assignment (cf, Figure 6 ) was conducted by referring to the HMQC data in this work and the 13 C-13 C TOCSY data of 13 C labeled gluconate with uranyl in other work. 44 It must be noted that we are highly confident in the assignment of protons α and β in both sets, where as the assignment of others (γ, δ, εa and εb) carries less uncertainty.
The coordination modes, proposed by the thermodynamic study, are that gluconate in complex 2 coordinates to U(VI) through the five-membered ring chelation and gluconate in complex 1 or stepwise gluconate in complex 3 coordinates to U(VI) should emerge with those of unbound gluconate but result in the line broadening of some peaks (e.g., α and β protons).
Taking solution II as a start, we evaluate how those NMR data approach the proposed coordination modes. Solution II, as calculated (cf. Figure S1 ), contains a large amount of gluconate conjugate species (70% free gluconate and 14% gluconic acid) but only a small amount of complexes (4% complex 2 and 12% complex 3). With consideration of the change in magnetic environment and the slow ligand exchange for type Z gluconate, it is reasonable to conclude that the set Z signals (Fig. 5 , Spectrum II and Fig. 6 ) are attributed to type Z gluconate. It is apparent that the line broadening of the α and β peaks in set X (Fig. 5 , Spectrum II) is caused by type X gluconate in complex 3. Notice that the similar observation was also obtained in the NMR study of the uranyl glycolate system. 33 Therefore, the coordination structures proposed from the thermodynamic study are well supported by the The 1 H NMR data of other solutions (solutions III and IV) also support the above analysis results. For example, the speciation calculation results (cf, Figure S1 ) indicate that as uranyl was added into the gluconate solution, the formation of both complexes 1 and 2 was increased (complex 1: 0.2%, 1.2%, and 4% in solutions II, III and IV, respectively; complex 2: 4%, 10% and 15% in solutions II, III and IV, respectively). In summary, the NMR data not only confirm the coordination modes for complex 1 and 2 but also point out the possibility of formation of the two isomers for complex 3.
The coordination geometries for these complexes are depicted in Scheme II. The appearance of three sets of 1 H NMR signals is thus interpreted as followings: (1) set X forms from free gluconate and type X gluconate in complexes 1 and 3b; (2) set Y from type Y gluconate in complex 3a; (3) set Z from type Z gluconate in complexes 2 and 3b. Figure 7 shows the raw k 3 -weighted EXAFS data and the corresponding Fourier Transform (FT) for UO 2 2+ in solutions XI, XII and XIII. The theoretical curve fits are also depicted in the figure, and the structural fitting results are summarized in Table 2 . The FT represents a pseudoradial distribution function, and the peaks are shifted to lower R values as a result of the phase shifts associated with the absorber-scatter interactions (~0.2 -0.5 Å). The speciation calculation of those solutions was conducted using the stability constants determined by potentiometry and taking into account the lactonization equilibrium constants (Log K L = -0.54). 14 The calculated results are also listed in Table 2 .
Coordination structures by EXAFS.
In the absence of gluconate (solution XI), the FT of the free uranyl solution (Fig. 7, Spectrum XI) shows two peaks that arise from the presence of 2 O ax at 1.77 Å and ~6 O eq at 2.41 Å. This is consistent with the structural results obtained previously for the fully hydrated uranyl ion. 45, 46 The spectrum of solution XII (Fig. 7) shows a different pattern with a splitting in the O eq region, which suggests the O eq shell may be divided into two shells. The curve fits confirm the existence of two O eq shells as follows: The FT of solution XIII (Fig. 7) shows no splitting feature in the O eq region. The speciation calculation indicates that complex 3 is a dominant uranyl gluconate complex (90%) in the solution. The fitting results (Table 2 ) gave a reasonable coordination number (N = 5.7) and U-O distance (R = 2.38 Å) for the U-O eq shell, but an unusually large Debye-Waller factor (σ 2 = 0.012). This large factor implies that the U-O eq shell may contain multiple shells, or to say, multiple coordination structures. This is consistent with our observations by NMR, e.g., the two isomers may exist for complex 3. Many attempts were made to approach some structural parameters of individual isomers. For example, in the fitting scheme, the U-O eq shell, like that for the solution XII analysis, we considered two sub-shells, which was intended to allow one to represent the average of hydration and type X coordination structure in complex 3b, and allow the other to represent the average of the type Y and type Z structures in complexes 3a and 3b. But all of these attempts failed. This failure may suggest that the U-O eq distance in the type Y structure is not close to either U-O eq distance in the type X structure or that in the type Z structure. With the maximum resolution of 0.11 Å, resolving those sub-shells is impossible. While the EXAFS analysis of solution XIII could not provide specific structural parameters for individual isomers, it does support the existence of multiple structures for complex 3.
Conclusions.
In the pC H range of 2.5 to 4. 1 H NMR spectra of uranyl/gluconate solutions. Spectra I, II, III and IV were measured for solutions I, II, III and IV, respectively, the same solutions as those used for 13 C spectra. The information for those solutions was given in the caption of Figure 4 . 
